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® Method for winding the coils for an air gap motor. 



® There is described a method for making the winding of the stator coils of an electric motor, said method 
comprising the steps of winding the coils in a predetermined cavity; bonding the Individual coils together while in 
the cavity using bondable magnet wire; and nesting Individual coils together to form a multi-phaso stator winding 
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. t« a method for winding the coils for a high performance servo motor which 
The invention p^JJct pennanent magnets. Recently, new typ s of permanent 

makes effective use of ^fj''^'^^,^^^^^^^ 

magnets have become available with S'SO't'camiy incre**- a promoter of metastable phases 

aiioys of a rare earth, usually neody^um or P- March 1. 1983. Prior alnlco 

C^u^^ni^^^^^^^^^^ 

-Sei;^=^^^^^ 

Neodymium-iron-boron magnets are now ^i^ding of coils for motor designs 

cylindrical stator shell of magnetic material ^^^"^^^^^^^^.^ educed diameter portion at one end. 
oi magnetic material, creating a 9«"«""y j''"^"^^^^ L the coil end turns at the reduced 

forming the winding around said support f^om ^^^^ jZd^rns at the other end of said support flare 
diameter portion of said support flare '"^ardly. and »e c^^^^ .heii starting with the inwardly flared end coils. 
Sutwardly; inserting said winding into f ^^^""SvTL elS^^^^ impregnating said winding Wrth 

re:sScrr:r^?nsr^^^ 

^eir u%"^rarmagnet wire; and nes«ng indivldu. 

,5 coils together to fom, a mul«-phase «'"2-33„3rium-cobalt magnets, do not show any significant 
At room temperature. NdFeB magnate, lice saman^^^ « particularly above 140'C. 

demagnetization characteristics At ^tevat^.^^^^^ and. hence, demagnetize on 

however, the coerciVrty of the NdFeB ""f gnet W proportional to armature current a 

can occur. Since the demagnetization force ^P'-^'JJ *J 3 l^„^^ ^d. therefore, low pealc torque 

30 conventional design using NdFeB "^^S^^ii^J^^^^^'t^^^^ appHcation 86102832.2 it has 

despite higher energy product magneto. d8«"*ed '^^^^^^ 26 MQOe and preferably 

been found that the benefits of the new l^igh f ^^.^.''j;^"^^^ certain design parameters ar 

above 30 I^GOe) can be realized by using V.^^'^'SnS v5iZ ^rithin tt^^ 
observed. The stator winding is a multi-phase '""^^S.^^ f^xterl^^^ 7 kUogauss in the air gap 

.5 mere are no saturation constraints f « -JS^^/rJ^^^^^^ range of 0.5 to 2.0. The ratio of 

can be used. The ratio of the '"agnet 'et^f to *e «r W »ng ^^^^^^ 

the interpolar distance to ^^t^^^ '^"^^^^^^ 

parameters motors can be constructed using the ^ I ^„ a given size and weight 

'ne^zation and with signHicantly increased hor^P^^r ^^^^^TZotJ-Z has a reduced indue 

40 Furthermore, the motor according to ^f"^ TSdreSSnce torque and cogging. 

tance which provides more power at •''AjJ^PS^'^^V^^JeTsen^Smotors Sth motors of comparable size 

A comparison of prior «»^«"""'?''t^iS^;Si^Xut a 70% Increase in the dynamic contnuous 
and weight made according to this .nvjntonmAa^^^ 

torque speed output perfom^ance and ^"^^^^"^^^ii^^ back iron cylindrical shell which provides 
45 The winding must be properly secured w*in '"^"'""^'"^g^^,^ ^otor torque force thrt)ughout a 
the flux return path with sufficient •'l^esi'^n to w*^d ^^^^^^ ^ 

TaJge of operating temperatures. It "^^'^^^^^J^'ZiUm^^^^- achieve these objects Jl^ 
abi?ty to generate torque. Also. » 7^,f ^^ri^ sSor sTell by a ceramic filled epoxy sele«^ed to 

^^^^e^rding is formed "-g a cyli-dri^ -^^^^^^^ tZZ 

^ rair;;rr;:Ser^=r^^^^^ 
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winding having a set of end turns at one end that flare inwardly toward the rotor, and another s t at the 
other end that flare outwardly away from the rotor. To achieve the winding, each coil is wound in a defined 
coil form and then held in that shape by means of a cement coating on the wire (bondable wire). The coils 
are then nested together on the cylindrical support to define the desired shape of the winding. Through this 
method the windings may be made automatically by machine. 

The winding can then be inserted into the cylindrical back iron shell starting with the Inwardly flared end 
of the winding.* The support can thereafter be withdrawn from the outwardly flared end of the winding 
leaving the fiberglass sleeve in as part of the stator structure. The winding is preferably encapsulated using 
a suitable resin after the winding is inserted into the stator shell. Notched laminations can be used in the 
stator shell to Improve the shear strength of the bond between the winding arid the stator shell. The notches 
are randomly distributed along the axial length of the machine to eliminate any appearance of a reluctance 
effect. 

Rg. 1 is a cross-sectional end view of the motor of copending patent application No. 88.102832.2. 
Rg. 2A and Rg. 2B are a side view and end view, respectively, of the rotor portion of the motor of 

Rg. 1. 

Fig. 3 is a cross-sectional view of the stator of the motor of Rg. 1. 
Rg. 4 shows the lapped winding structure in the motor of Rg. 1. 

Rg. 5 is a diagram showing the demagnetization curves of a high energy product permanent magnet 
of the type used in the motor of Rg. 1. 

Rg. 6 shows the improved operating performance of the motor of Rg. 1 as compared to a prior 
motor with samarium-cobalt magnets having comparable size. 

Rg. 7 is an axial view of a portion of the winding showing outwardly flared end turns. 
Rg. 8 is an axial view of a portion of the winding showing inwardly flared end turns, 
Rg. 9 is a top view of the coil form showing sectional lines. 
Rg. 10 is a plan view of a portion of the coil form. 
Rg. 1 1 is a plan view of the downward bottom forni portion of the coil form. 
Rgures 1 to 3 show the general structure of the motor according to co-pending patent application No. 
86102832.2 The motor includes a steel shaft 10 surrounded by a cylindrical iron sleeve 12 which provides 
the back iron for the rotor (Rg. 2A and 2B). Six permanent magnets 14-19 are mounted on sleeve 12 
extending radially and are magnetized to provide alternating north and south poles as shown in Rg. 1. Th 
magnets are high energy product magnets with energy products in excess of 26 MQOe and preferably in 
excess of 30 MGOe. Suitable permanent magnets are those made from neodymium, iron and boron 
(NEOMAX-30H«). The magnets are pressed arcuate shaped magnets and are mounted on the back iron 
sleeve 12 surrounding shaft 10. 

A banding 20 surrounds the rotor structure to hold the magnets in place under high speed centrifugal 
force conditions. Banding is accomplished using high strength Kevlar filaments which are dipped in epoxy 
and then wound around the rotor Including one or more helical layers followed by several hoop layers. 

The rotor can be constructed using six magnets each extending the full length of the rotor, or the 
magnets can be segmented as shown in Rg. 2A. An advantage to the segmented magnets Is that a singl 
motor design can produce motors of different horsepower ratings by simply changing the motor length and 
the number of magnet segments. 

The stator structure includes a cylindrical outer shell 30 of laminated silicon steel which provides tn 
outer back iron for the motor. The laminates are assembled and then cast in an aluminum outer housing 32. 
The windings 40 are formed and then mounted inside the cylindrical back iron shell. 

The motor in the illustrative embodiment is a six pole three phase winding and, therefore, includes 
eighteen (18) coils in the winding. The coils are prefomned and then placed In a lapped configuration as 
shown in Rg. 4. A coil 41 of phase A is followed by a coil 42 of phase B which. In turn, is followed by a coil 
43 of phase C. and then the sequence repeats. The longitudinal conductors 44 of one side of a co are on 
the outside of the winding whereas the longitudinal conductors 45 of the other side of the same coll are on 
the inside of the winding beneath the conductors 46 of the next coil of the same phase. 

According to this invention, the winding is fom^ed by nesting phase coils. For the six pole three phase 
motor illustrated in Rg. 1-3 eighteen phase coils are nested to fonn the winding (s. Rg. 4). . ^ ^ 

Rg. 7 illustrates th nesting of coils from an axial view at the end having outwardly flared end turns. 
Similarly. Rg. 8 illustrates the nesting of coils from an axial view at the end having inwardly 
turns. The coils in the end turn regions both turn and raise continuously to achieve the thrw phase winding. 
Each coil has the same coil shape and n sts on each of the other coils. Colls 70 and 76 (Rgs. 7 and 8) are 
at a phase A. while coil 72 is at a phase B. and coil 74 is at a phase C. The arc distances over which a coii 
is the outer coil of the winding are defined by a coil form which is used to form each coil. The arc distance 
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is related to the arc distance that *^ P°'^; "^^^^^^^^^ 80 is illustrated. F.g. 9 shows a top 

Refsrrir^g to Rgures 9-11. a P-^^JJ^Vs 3S by feeding w.r into the coil form 

view of the coil form with the ^ect-o^f caviw to give the coil the desired shape. The w.re .s 

80 (Rgs. 10 and 11) which has a P'-^'^ete"^^^^^^^^^^ cav^ ^ ^ ^^^^ ^^sitions in the co.l are 
Shaped against the coil form ^/J^^^C^^^ Each coil is made up of a lower co.l side and 

^\ forming the coils in this manner. Je proce. m^ ^^^^^^ rZt'^oT:^^^ Z 
wind me coils into the coil fom, 80. In addtt-on. '"fj^"" °' to be molded in place and the 

r»T^' ^^^^^^^^^ - 

therefore, the resin must also prov.de good ^^^^^^.'^"^^^^ design resulting from the Inventon. 

rcm)/{sec){cm^)CC). This is particularly^ue j^"* f ^^^^^^f^^^^^ theL conductivity. However me 
Ceramic fillers are preferably 1 maineSc Vn order to avoid eddy current and .mn losses 

30 for this epoxy are as follows: 



IS 



20 



25 



Application nharacteristics 



35 



40 



Viscosity (cps) 

(ASTM D-2393) 

Resin 

Hardener 

Mixed 



25'C 


250 


000 


- 300 


000 


25"C 




500 


1 


000 


2S»C 


6 


000 


8 


000 


85'C 




500 




600 



^ Gei Time. 50 g mass 
(ASTM D-2472) 
121 30-40min. 



- re2'SL%for4^hour,1o..owedbyapostcure-tam.n.o,12rC,or3^hour. 
Post cure at operating temperature is recommended. 

B^wSigw'' 5.0 parts resin to 1.0 part hardener 
» By volume 3.0 parts resin to1.0 part hardener 



Color 

Resin Blacl< 
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Hardener Brown 
Mixed Black 

Density (kg/I) 
5 Resin 1.89 
Hardener 1.19 
Mixed 1.73 



JO Typical Cured Properties Compressive Strength (kg/cm^) 
(ASTM 0-695) 
52 900 

Tensile Strength (kg/cm^) 
75 (ASTM D-638) 
20 000 

Elongation (%) 
(ASTM D-638) 
20 6.3 

Linear Shrinkage (cm/cm) 
(ASTM D-2566) 
0.007 

25 

Hardness (Shore 0) 
(ASTM D-2240) 
25'C 90 
180*»C 67 

30 

Tensile Shear (kg/cm2) 
(ASTM D-1002) 
7 700 

35 Water Absorption (%) 

(MIL-STD 406, Method 7031) 
020 

Outgassing (%) 
40 (NASA Spec.ST-R-0022) 
CVCM 0.06 

Coefficient of Thermai Expansion 
10"* cnn/cni '0 
45 below 50*C 4.38 
59- 104'C 7.20 
above 104«C 12.20 

Thermal Conductivity at 70»C 
50 (cal)(cm)/(sec)(cm2)CC) 
0.0026 



Typical Electrical Properties Dielectric Constant (ASTM D-150) 
55 100 Hz 4.1 
1 KHz 4.1 
10 KHz 4,0 
100 KHz 4.0 
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Dissipation Factor (ASTM 0-150) 
100 Hz 0.003 
1 KHz 0.004 
5 10 KHz 0.004 
100 KHz 0.008 

Volume Resistivity (olim-cm) 
(ASTM D-257) 
10 1,6 ^ 10*' 

Dielectric Strength (V/ml) 

(ASTM D-149) 

450 



Variations7 451 -001 2/7450-0027® 
Unfilled, high elongation 
20 745 1 -01 48/7450-0022® 
More flexible 70 Shore D 



Another suitable thermally conductive resin Is Stycast 2762. epoxy resin. The typical properties for 

25 resin are as follows: 



Physical Specific gravity 22 

Rexural strength (kg/cm^) 
30 at21*C 759 

atUO'C 539 

at 250»C 315 

Flexural modulus (kg/cm*) 

at2rC 84 000 
35 atug-'C 70 000 

Water absorption (5 gain at 25»C - 24 hours) 0.1 

Thermal conductivity 

(cal)(cm)/(sec)(cm2)CC) 0.0033 

Hardness (Shore D) 96 
40 Compressive strength (kg/cm^) 1 260 

Elastic modulus (kg/cm^) 84 000 

Thermal expansion {/•Q 27 ^ iC 



45 



50 



55 
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IS 



Electrical 



Dielectric Dissipation 
Temp, (^C) Constant Factor 



at 



60 Hz 



Dielectric strength 
(kv/mm) 

Volume resistivity 
(ohm- cm) 



21 
149 

21 
149 

21 
149 



4.3 
4.4 



16.0 
14.8 



10 
10 



16 
11 



0.007 
0.008 



20 



25 



30 



35 



40 



When the winding is in place in the cylindricai outer shell of the stator. the epoxy is forced into the 
winding cavity at one end under pressure and is drawn through the winding by means of a vacuum applied 
at the other end. When the epoxy cures the winding becomes rigid and is securely bonded to the stator 
laminations. The ends of the winding cavity preferably fiare out at both ends in the region of the end turns 
to increase the surface area. The end surfaces can be machined to provide a fiat surface for good thermal 
contact with the end bells of the motor (not shown). In most cases, however, good thermal contact between 
the resin and the aluminum housing 32 will provide adequate heat dissipation. 

The demagnetization cun/es of a suitable magnet material, for example NEOMAX-30H«. are shown in 
Rg. 5. For temperatures below 100*C the properties are substantially linear and, hence, no demagnetization 
is lil<ely to occur when operating in this temperature range. At elevated temperatures above 100*0, 
however, there is a "knee" in the curve which, at 140'C. occurs at Bd » 3 500 Gauss and Hd = 6 000 
Oersteds. The rapid falloff of the coercivity at field strengths higher than 6 000 Oersteds can cause 
significant demagnetization of the magnets. The permeance P is the operating slope of the magnet in a 
given circuit. The slope is given by P »^ 

Lm a magnet length and orientation 

Lg ^ length of the magnetic gap 

Am = area of magnet and 

Ag = area of gap. 

The allowable demagnetization field Ha Is given by a line having slope P + 1 and passing through (Hd, 
Bd) at the knee in the curve. This can be written as 



4S 



Ha « Hd - 



Substituting for P and simplifying the equation becomes 



Bd 



(P + 1) 



Ha = Hd - . ?^ ^^.^^ in Oersteds (1) 
50 Lm Ag + Lg Am 

Thus, the maximum allowable demagnetization field Ha can be calculated for a given demagnetization 
characteristic and operating permeance P. 
56 For design comparison purposes, the worst case demagnetization field Is when ttie stetor currents are 
arranged such that the stator MMF directiy opposes ttie magnet MMF. This is a realistic case since many 
servos are braked by shorting phase leads togettier. thus giving such a field alignment. Current in phase A 
is peak and current in phases B and C is 1/2 tiie peak current value. By symmetry, tt)e armature H field is 
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radial at the centerline of the magnet. Taking this path, the enclosed ampere turns per pole is 

MT - — -S 2 (Ipeak) 

- 2 poles 

s 

where C is series conductors per phase.From Ampere's Law 

'0 „ NI C ipeak in Oersteds (2) 

H = "l" •" Poles* (Lg + Lm) 2.021 

Thus (« . combl»a«on of poW. 9«P '•"»«•■ ■"•«"•« !«?)«•., conducB... »d cu™* « 

applied field H. gives 



20 



H Poles (Lq ^■ Lm ) 2,021 amoeres 

Ip = ■ . ■ ■ . : .c- 



Substituting equation (1) for H gives 

25 

Ip ^ . (LiftAg- Lg Am) C 

00 Therefore, the maximum allowable peak current before ^^^^^^^^^^^^ ' ''"^^^ 

magnet material {Bd.Hd) and magnetic ciroiit desj^^^^^^^ ^ 



500) are as follows: 

3S ■ 

TABLE 1. 

Pnits invention Slotted Motor 

Bd Gauss 3 500 3 500 

oersteds 6 OOO' 6 000 

9.6 3.18 

7 6 I'ZS 
Lo nun ' 



Hd 

Lm mm 



Ag 

Poles 



ram' 



50 



55 



Ipeak lUnperes 
^RMS ^P^''^^ 



32.36 18.82 

6 6 

168 198 

223.8 53.4 

158.2 37.8 



AS can be seen from Table 1. the air gap winding design /^J^^J;^^^^^^ 
allowed by the com,entlon^slotted design. ^ ^/^^^^J '^tcC^t ^ responsh; servo 

tion. the conventional slotted design does not offer the needed pesK rorque 
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motor. 

If the air gap is made relatively large, such as 8.5 mm in the illustrative embodiment of the invention, 
the reluctance of the magnetic path for flux generated in the stator is sufficiently high such that the flux, as 
seen by the magnets, remains below the level at which demagnetization is likely to occur. The ratio of the 
air gap length (Lg) to the magnet length (Lm). Rg. 1, must be in the range between 0.5 and 2.0. The use of 
permeances in the range of 4 to 6. common in slotted motor structures, is undesirable since it results in 
either an excessively large amount of expensive permanent magnet material or a small air gap inadequate 
to hold the desired number of windings required for a high performance motor. 

The ratio of the interpolar distance (Lip) to the radial gap length (Lg), as seen in Fig. 1, should be 
greater than 1 .3. With high energy product magnets this ratio beconr>es important since a lower ratio results 
in ineffective use of the expensive permanent magnet materials due to increasingly high leakage flux, 

Fig. 6 is a diagram illustrating the dynamic comparison of two motors with approximately the same 
outside physical dimensions. Curves 60 and 61 are for a conventional slotted structure with samarium- 
cobalt (Sm,Co,T) magnets having an energy product of about 27 MGOe, whereas curves 62 and 63 are for a 
motor according to the invention including permanent magnets, og the NdFeB type with an energy product 
of about 35 MGOe. Area A represents an increase of about 70% additional continuous performance while 
area B shows about an 80& increase in the intermittent performance. These improvements in the operating 
characteristics are achieved with an increase of only about 30% in the energy product of the permanent 
magnets. 



Claims 

1. A method of making an electric motor with the stator winding inside a slotiess cylindrical stator shell 
of magnetic material comprising the steps of forming a slotiess cylindrical stator shell of magnetic material, 
creating a generally cylindrical support with a reduced diameter portion at one end, forming ttie winding 
around said support from preformed coils such tiiat ttie coil end turns at the reduced diameter portion of 
said support flare inwardly, and the coil end turns at the otiier end of said support flare outwardly, inserting 
said winding into said cylindrical stator shell starting with the inwardly flared end coils, removing said 
support from said end of said outwardly flared end coils, and impregnating said winding with a resin to 
secure said winding inside the stator shell, characterized in that the winding of the stator coils is produced 
by a metiiod comprising the steps of 

-winding the motor phase coils into a predetermined cavity: 

-bonding the individual coils together while In the cavity using bondable magnet wire; and 
•nesting individual coils together to form a multi-phase stator winding. 

2. The metfiod of claim 1, characterized in that the motor phase coils are automatically wound into a 
predetermined cavity. 

3. The method of claim 1. characterized in tt^at the coils are automatically bound together while In the 
cavity. 

4. The metfiod of claim 1. characterized In ttiat tfie coils are nested to form a three phase stator 
winding. 

5. The metfiod of claim 1. characterized in tfiat said resin has a ttiermal conductivity in excess of 
0.0028 (calKcm)/(sec)(cm2)CC) 

8. The metfiod of claim 1. characterized in ttiat said resin has a coefficient of ttiermal expansion equal 
to or greater ttian ttiat of ttie cylindrical stator shell. 

7. The metfiod of claim 1, characterized In ttiat said resin is an epoxy filled witti a non-conductive and 

non-magnetic ceramic. 
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FIG. 3 
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